We present a systematic light-cone QCD sum rule study of the exclusive rare radiative decay Our calculations show that the choice of the interpolating current for the Λ b baryon can affect the predictions significantly, especially for the rare radiative decay process.
As a matter of fact, a huge amount of work has been carried out both experimentally and theoretically in the investigations of these types of decays over the past two decades, especially on the mesonic sector [1, 2] . Experimentally, the data on the rare radiative B decays has been unceasingly accumulated after the first observation of the B → K * γ decay in 1993 by CLEO [3] . More and more precise measurements of the exclusive and inclusive branching fractions have also been reported [4] [5] [6] . Theoretically, various approaches have been employed to investigate the inclusive b → sγ and the exclusive B → K * γ processes within and beyond the SM (for a review see Ref. [7] and references therein). Predictions for the inclusive decay rates within the SM are in good agreement with experimental data.
But for the exclusive rare B decay rates, the predictions need to be improved for that the nonperturbative contributions are deeply involved and we can only calculate them in some model-dependent ways.
In contrast to those of B mesons, the rare decay processes of b-baryons have attracted much less attention for the relatively complicated quark dynamics, as well as the insufficiency of experimental data. But they can help to extract more experimental information about the heavy beauty quark inside the hadron, such as the hadronic spin polarization during hadronization and the helicity structure of the couplings at the quark level, which is impossible for the mesonic decays. In point of fact, the rare decays of b-baryons can provide a new test ground for theoretical methods on the b-quark hadronization. Studies for the exclusive rare radiative Λ b decay can be found in the literatures using various approaches, including quark models [8] [9] [10] [11] , QCD sum rules [12] and the perturbative QCD method [13] .
Nevertheless, the existing theoretical predictions vary from each other and can differ even by orders of magnitude. The exclusive rare processes Λ b → Λγ and Λ b → Λl + l − were examined with the QCD light-cone sum rule (LCSR) method in Ref. [14] . The interpolating current to the Λ b baryon used there is the CZ-type current. However, the distribution amplitudes of the Λ baryon used in the numerical analysis have been improved thereafter, which may bring in a rather large effect. This has been confirmed for the calculation of electromagnetic form factors, as has been illustrated in Ref. [15] . The processes
have recently been studied by LCSR in Ref. [16] , using correct distribution amplitudes given in Ref. [17] . But the interpolating current they used is of a different form, compared with CZ-type and Ioffe-type currents. As we know, the choice of the interpolating currents may affect the results to some extent [18, 19] . Taking all these into account, we calculate the decay rate and branching ratio of the process Λ b → Λγ with both the CZ-type and the Ioffe-type currents for the Λ b baryon. We also reanalyze the Λ b → Λl + l − (l = e, µ) processes with the improved distribution amplitudes and draw a comparison between results in the cases where either the CZ-type current or the Ioffe-type current is employed in order to give more reliable predictions.
The remainder of this paper is organized as follows: Sec. II is a brief introduction to the theoretical framework for our investigations. The formulas of the decay widths in terms of form factors are also derived in this section. In Sec. III, we derive the light-cone sum rules for the relevant form factors, where both the CZ-type and the Ioffe-type interpolating currents for the Λ b baryon are considered. Sec. IV is devoted to the numerical analysis and discussions, a summary is then attached at the end of this section.
II. THEORETICAL FRAMEWORK
The effective Hamiltonian for the b → sγ transition in the standard model at scales
with the operator
where L/R = (1 ∓ γ 5 )/2 and F µν is the field strength tensor of the photon. G F is the Fermi coupling constant and C 7 (µ) is the Wilson coefficient at the scale µ. In order to allow for contributions from non-standard model couplings, the operator O 7 can be written in a more general form as
where g V = 1 + m s /m b and g A = 1 − m s /m b in the SM. Similarly, the effective Hamiltonian relative to the process b → sl + l − can be expressed as
Here we have neglected terms proportional to V ub V * us in the effective Hamiltonian since the ratio
is of the order 10 −2 . As well known, the amplitudes of the rare processes Λ b → Λγ and Λ b → Λl + l − are determined by the matrix elements of the effective Hamiltonians sandwiched between the initial and final states at the hadron level, which can not be calculated straightforwardly from first principles for the nonperturbative property of QCD.
They can generally be parameterized in terms of form factors as follows:
where Λ b and Λ on the right-hand side are the spinors of the Λ b baryon and the Λ baryon, respectively. P is the momentum of the Λ baryon, P ′ = P + q is the momentum of the Λ b baryon, and q is the momentum transfer.
The decay mode Λ b → Λγ takes place with a real photon in its final state, which makes the parametrization of the hadronic part a little simpler. The hadronic matrix element of
where r = M Λ /M Λ b is the ratio between masses of the Λ and Λ b baryons. We should note here that the form factors F 3 and G 3 vanish due to the conservation of the vector current lγ µ l so that they are absent in Eqs. (7) and (8) . In order to calculate these decay rates,
we have to firstly estimate all the form factors appearing in these equations. They are nonperturbative quantities which should be estimated with nonperturbative approaches. In the next section, we will employ the light-cone sum rule approach to estimate them.
III. LIGHT-CONE QCD SUM RULES FOR THE FORM FACTORS
It has been shown in Refs. [22] that there is some randomness in the choice of interpolating currents for baryons with definite quantum numbers in QCD sum rule calculations, and the practical criterion is that the coupling between the interpolating current and the given state must be strong enough. In the following LCSR analysis, we will adopt two types of currents to interpolate the Λ b baryon state: the CZ-type current [23] 
and the Ioffe-type current [24] j
where C denotes the charge conjugation matrix, and i, j, k are the color indices. The auxiliary four-vector z, which satisfies z 2 = 0, is introduced to project the main contribution out onto the light-cone. The coupling constants of the interpolating currents between the Λ b baryon state and the vacuum are defined as
and
where Λ b (P ′ , s) is the Λ b spinor with momentum P ′ and spin s. With these definitions at hand, we can now proceed to derive the QCD light-cone sum rules for the form factors mentioned above.
Let us first consider the case in which the CZ-type current is adopted. According to the general philosophy of the LCSR approach, we study the analytical property of the correlation function
at momentum transfer q 2 with Euclidean m
The current j Λ is the CZ-type current given above in Eq. (9) and j µ denotes the operators of the hadronic parts in the effective Hamiltonians (1) and (4).
Take j µ =s α σ µν Rq ν b α for example, we know from Sec. II that, when the process Λ b → Λγ is considered, its hadronic matrix element between the Λ b and Λ states can be parameterized in terms of form factors as
Inserting a complete set of intermediate states into the correlation function (13) and taking into account Eqs. (11) and (14), we find its hadronic representation as follows:
where P ′ = P − q, and the dots denote contributions from higher resonance and continuum
states. The correlation function is contracted with the light-cone vector z µ in order to simplify the Lorentz structure and remove the terms proportional to z µ which give subdominant contributions on the light-cone [25, 26] .
On the other hand, the correlation function can be expanded on the light-cone. To the leading order of α s , we calculate the correlation function straightforwardly by contracting the b quarks in Eq. (13) . A simple derivation leads to
The nonperturbative effects have been encoded in the matrix elements of the non-local operators sandwiched between the vacuum and the Λ baryon state, which are usually parameterized by distribution amplitudes, as have been given in Ref. [17] .
Following the standard procedure of the QCD sum rule method, we match the hadronic representation and the light-cone QCD expansion series of the correlation function. With the assumption of quark-hadron duality, contributions from higher resonance and continuum states are approximated by the same dispersion integral above some effective threshold s 0 and can be canceled out on both sides. Then the Borel transformation in P ′2 is performed on both sides of the sum rules to suppress contributions of higher resonances. Finally we obtain the light-cone sum rules for the form factors f 1 and f 2 (see Appendix A). Similarly, the light-cone sum rules for the form factors F 1 and F 2 can be derived by repeating the procedure above with the operator j µ =s α σ µν Rq ν b α replaced by j µ =s α γ µ b α . Other form factors, such as g 1 , g 2 , G 1 , and G 2 , can be easily read from the relationships g 1 = −f 1 ,
In the later case where the Ioffe-type current is adopted, we just need to reanalysis the correlation function (13) with j Λ replaced by the Ioffe-type currentj Λ defined in (10) . After inserting a complete set of intermediate states and using the definitions (5) and (12), the hadronic representation of the correlation function now becomes
where "..." also stands for the contributions from higher resonance and continuum states.
Here we have still taken the operator j µ =s α σ µν Rq ν b α as an example. After some tedious derivations, we reach the light-cone sum rules of the form factors.
All the final sum rules for the form factors derived in both cases mentioned above are collected in Appendix A.
IV. NUMERICAL ANALYSIS AND DISCUSSIONS
In order to perform the numerical calculations, we need firstly to specify the input parameters appearing in the sum rules. The coupling constants related to the distribution amplitudes of the Λ baryon are given in Ref. [17] , which turn out to be f Λ = 6.0×10 −3 GeV 2 and λ 1 = 0.01 GeV 2 . As to the couplings f Λ b and λ 1b , we recur to the QCD sum rules in Ref [18] with the replacement m c → m b , from which we can get the values: be less than 30%. Keeping this constraint in mind, we calculate the q 2 dependence of all the form factors arising in the parametrization of the hadronic matrix elements based on the sum rules we derived in Sec. III. The results are shown in Fig. 2 where the CZ-type current for the Λ b baryon is adopted and Fig. 3 where the Ioffe-type current is used.
As we know, the light-cone sum rules are only able to estimate the form factors within the region where they are reliable. Therefore we need to use the fitting formulas to extrapolate the curves to the whole dynamic region. Note that when the CZ-type current is used, the relationships:
, and G 2 = F 2 hold. As has been done in literatures, we use the following double-pole formula to fit the resulting curves for these form factors:
where the parameters f i (0), a 1 and a 2 are given in the TABLE I. The system errors of the sum rule method are difficult to estimate so that they are not considered. Here we only give the errors that come from the choices of the thresholds and the sum rule windows. When the Ioffe-type current is used, the form factors can also be parameterized by the double-pole formula (18), in which case all the parameters f i (0), a 1 and a 2 are given in the TABLE II.
Using these fitting formulas for the form factors above, we can now calculate the decay widths of the processes Λ b → Λγ and Λ b → Λl + l − . Let us first look at the process Λ b → Λγ, which is related to the form factors f 2 and g 2 at the end point of zero momentum transfer.
Averaging over the range s 0 = 38 − 40 GeV 2 and M B 2 = 10 − 15 GeV 2 , we get the value of the form factors as
for the CZ type interpolating current and
for the Ioffe type interpolating current.
In order to calculate the decay width, we still need to know some other parameters. The
Fermi coupling constant we used is G F = 1.166 × 10 −5 GeV 2 and the fine-structure constant is 1/137. For the CKM matrix elements, we use the values given in Ref. [27] as |V tb | = 0.9992
and |V ts | = 0.0410. And we use the Wilson coefficient C 7 (µ = m b ) = −0.31 in the SM [14] .
The mass of the s quark used in this paper is m s = 0.15 GeV. As we have mentioned above, the relationships g V = 1 + m s /m b and g A = 1 − m s /m b hold in SM. Putting all these parameters into the formula (7), we can obtain the decay widths in different cases as
+1.59
Considering that the life time of the Λ b baryon is about 1.391×10 −12 s [27] , the corresponding branching ratios can then be easily calculated as
We have list our results in TABLE III, where results from other models are also presented. We can see that the choice of the interpolating current for the Λ b baryon brings in fundamental influence on the prediction for the branching ratio of the Λ b → Λγ decay. When the CZ-type current is adopted, the result is roughly in agreement with predictions from other methods.
But it turns up to be much smaller when the Ioffe-type current is used. However, both the results are compatible with the upper limit 1.3 × 10 −3 given by the Particle Data Group [27] . IV, where we have also shown the results from the literature. We can see from the table that the branching ratio in the CZ-type current case is totally consistent with the LCSR prediction given in Ref. [16] while the result in the Ioffe-type current case is in good agreement with the heavy quark effective theory (HQET) calculation [28] . As there is no experimental data available, the rationality of the estimations can be understood from the comparison between the orders of magnitudes for the processes Λ b → Λl + l − and Λ b → Λγ. It is noted that we have neglected the mass of final leptons in our analysis, which should be good approximations for electrons and muons but not for tauons. In addition, we have adopted the usual quark-hadron duality ansatz for the hadronic spectral density in the derivation of the LCSRs, which is not accurate for the reason that contribution from the corresponding negative-parity resonance is not taken into account [29] [30] [31] . This will be considered in our next work. In summary, we have investigated the rare radiative decay Λ b → Λγ and rare semileptonic decay Λ b → Λl + l − of Λ b baryon within the framework of the standard model. Taking into account that two different types of interpolating currents for the Λ b baryon can be employed, we estimate the transition form factors in both cases using the light-cone sum rule approach.
With these form factors, the decay widths and branching ratios are predicted. We find which is also in accord with the above upper limit, and B r (Λ b → Λl + l − ) = 2.03
which is compatible with the HQET result.
Appendix A
When the CZ-type current for the Λ b baryon is adopted, the light-cone sum rules for the form factors f 1 , f 2 , F 1 , and F 2 are as follows:
In order to make the formulas clear and readable, we have used in the sum rules the short-
Λ and the following abbreviations
The distribution amplitudes with tildes which come from the integration by parts in α 3 are defined as
We have used the partial integration in the variable α 3 to eliminate the 1/(P · x) factors appearing in the distribution amplitudes. With this being done, the surface terms sum up to zero.
In the sum rules (A1)-(A4), α 30 is connected with the continuum threshold s 0 via 
When the Ioffe-type current for the Λ b baryon is adopted, all the final sum rules for the form factors are as follows: 
